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S mooth crabgrass (Digitaria ischaemum) is a common summer annual weed found throughout much of the United States. Its long leaves and prostrate growth give it the potential to become a serious problem in both closely mowed areas such as greens or tees, and in higher mown areas such as home lawns. This is especially true of thin and hightrafficked areas. Typically, smooth crabgrass encroachment can be prevented, or greatly diminished, by application of a preemergent herbicide such as dithiopyr, pendimethalin, or prodiamine when there is a 24-h period of soil temperatures greater than 10°C (McCarty et al., 2001) . Multiple applications may provide even greater crabgrass control, as Derr (2004) reported with prodiamine.
While accurate timing of preemergent herbicides can provide excellent crabgrass control, severe infestations can still occur if the herbicides are applied after seedlings have germinated. Postemergent herbicide options such as fenoxaprop, fluazifop, and quinclorac are all labeled for crabgrass control in turf (BASF Corporation, 2012; Bayer Environmental Science, 2011; Syngenta Crop Protection, 2014) . Mesotrione, a newer active ingredient in the turfgrass industry, has postemergence activity on crabgrass that is enhanced when nitrogen is applied within 3 d before application (Beck et al., 2015) .
Despite the existence of postemergence options, control may still not be 100% or may require multiple applications for good control (Dernoeden, 2001) . The bleaching potential of mesotrione on certain desirable turf species also limits where it can be used for crabgrass control. In addition to these issues, the recent restrictions placed on monosodium methanearsonate, an effective postemergent crabgrass herbicide, shows the environmental concerns with herbicide applications (Environmental Protection Agency, 2016) . Environmental issues and desire for more sustainable practices are both a growing concern turf managers face when using pesticides. One method for reducing environmental effects from chemical crabgrass control is to reduce usage rates. Dernoeden (2001) examined reduced preemergent herbicide rates over a 3-year time period and found only benefin with trifluralin and prodiamine alone still provided acceptable control in the 3rd year, among the various herbicides tested. This indicated reducing application rates of several preemergence herbicides may not be appropriate for controlling crabgrass.
In addition to reducing current chemical rates, other studies have been conducted examining natural crabgrass control methods. McDade and Christians (2001) examined humic acid and soybean oil to improve the efficacy of corn gluten hydrolysate, which has been reported to have preemergent crabgrass activity. They reported no beneficial response from the additives but concluded corn gluten hydrolysate may still be beneficial. Earlywine et al. (2010) tested oriental mustard seed meal as a soil treatment to suppress crabgrass germination. Treatments were effective but negatively affected desirable turf species. Mahoney et al. (2014) used liquid carbon dioxide in a study on crabgrass in established turf species and found high usage rates to be effective in controlling juvenile crabgrass plants, with desirable turf species temporarily affected.
Another technique of reducing herbicide usage is through cultural control methods. One of the most studied cultural control methods for crabgrass is mowing. Dernoeden et al. (1993) found a mowing height of 8.8 cm provided good crabgrass control compared with shorter mowing heights and also provided the best turf quality on one variety of tall fescue. (Busey 2003; DeBels et al., 2012; Kowalewski et al., 2010; Voigt et al., 2001 ). However, Hoyle et al. (2014) reported that increased mowing heights on bermudagrass (Cynodon dactylon) did not decrease crabgrass incidence when no pre-or postemergent herbicides were applied. In a related study, Gannon et al. (2015) reported better crabgrass control on bermudagrass areas treated with preemergent herbicides when mowing heights were higher (3.8 vs. 1.5 cm of cut) in one of their two evaluation years.
While the previous studies conducted on cool-season turfgrasses have shown decreased crabgrass incidence at higher mowing heights, they all used a consistent height of cut for the entire growing season. Also, increased mowing heights typically result in better quality, but lower heights of cut within a species tolerance range can result in increased plant density over higher heights of cut (Turgeon, 2005) . Therefore, the first objective of this study was to determine if lower heights of cut during spring and fall for cool-season grasses would increase stand density sufficiently to limit smooth crabgrass encroachment. The second objective was to determine if seasonal changes in mowing heights on tall fescue would allow a reduced rate of prodiamine to provide acceptable smooth crabgrass control. Before initiation of the experiments, the entire tall fescue sward had been maintained at a mowing height of 3.5 inches. This height was maintained until each experiment was initiated. To ensure good crabgrass incidence, both sites were seeded with smooth crabgrass at 15.8 lb/acre on 10 May 2014 and 31 Mar. 2015 for the first and second experiments, respectively. The later seeding date in 2014 was due, in part, to a delay in acquiring the seed from a grass breeder in Kentucky who had collected seed from indigenous populations in the area. Both sites were irrigated to promote seed germination and then as needed to prevent drought stress. Mean soil temperatures for the week that each site was seeded were 17°C in 2014 and 10°C in 2015.
Materials and methods
TREATMENTS AND EXPERIMENTAL DESIGN. The experimental design for the trial was a strip-split plot with a whole plot randomized complete block. Whole plots were 10 · 40 ft and consisted of one of four summer mowing heights (S) which were 1, 2, 3, and 4 inches. Strip plots were 10 · 10 ft and consisted of one of four fall and spring (FS) mowing heights which were also 1, 2, 3, and 4 inches. The split plots were 5 · 10 ft and included no herbicide application or a low rate of prodiamine applied at 0.34 lb/acre a.i. (Barricade 4FL, 4 lb/gal a.i.; Syngenta Crop Protection, Greensboro, NC). Mowing treatments were initiated in Nov. 2013 and Dec. 2014 at the FS mowing heights for the first and second site, respectively. These treatments were followed the remainder of the growing season in each year, before beginning again in March of the following year. For both sites, spring mowing treatments were followed until June, at which point S mowing treatments were initiated and followed until October for both sites. All treatments for both sites were mowed using a rotary mower (John Deere ZTrak Z925A PRO; Deere & Co., Moline, IL). Herbicide applications were applied 4 May 2014 and 8 Apr. 2015 for the first and second experiments, respectively. Preemergent herbicide applications were applied using a carbon dioxide boom sprayer equipped with three flat spray nozzles (8004VS; TeeJet Technologies, Wheaton, IL) at a pressure of 30 psi with a carrier rate of 52 gal/ acre water.
Response variables for this study included visual estimations of percent crabgrass cover within each plot and stand density of the tall fescue using a 0% to 100% rating scale. These ratings were taken toward the end of the growing season for both years of the study. Cover ratings were taken on each split plot while density ratings were taken for each strip plot.
Percent crabgrass and sward density data were analyzed using the general linear model procedure of SAS (version 9.3; SAS Institute., Cary, NC). Based on the distribution of the percent crabgrass cover data values, an arcsine transformation was conducted and means were then separated using a t test (P £ 0.05); however, the original crabgrass cover means are presented in the results section and tables. Means for the sward density data values were also separated using a t test (P £ 0.05); but data were not transformed.
Results and discussion
A significant year effect existed for both cover and density (P < 0.05), therefore results by year are reported separately (data not shown). The most likely cause of this difference is that 2014 was a drier year at the research site than 2015 with yearly rainfall totals of 58.2 and 79.6 inches for 2014 and 2015, respectively. From these totals, 16.9 inches of rainfall occurred during the hottest Kentucky months of June, July, and Aug. 2014, whereas 27.2 inches fell during these months in 2015. In addition, the later crabgrass seeding date in 2014 may also have contributed to the cover difference between the 2 years.
CRABGRASS COVER AND FESCUE DENSITY IN 2014. For 2014, the effects of FS mowing heights, S mowing heights, and the application of a preemergent herbicide were all significant on crabgrass cover ratings. The interaction of FS heights and S heights was significant but no interaction was detected with the herbicide application. Tall fescue mowed at 3-and 4-inch heights, continuously or FS and S, had less crabgrass encroachment compared with tall fescue maintained at 1-or 2-inch heights at some point during the year. In addition, all mowing height combinations which included 1 inch at some point during the year had more crabgrass than all combinations which did not include 1 inch. The only exception occurred with tall fescue mowed in FS at a height of 2 inches and S at 1 inch was not different compared with tall fescue maintained at 2 inches continuously. Cover ratings for all combinations during this year ranged from 0.0% to 39.4% (Table 1) .
Density ratings for 2014 showed effects of FS heights, S heights, and the interaction of the two mowing regimens were all significant. The combination of a FS height of 4 inches and a S height of 1 inch had the lowest sward density at 4.8, although this combination was not significantly different from three of the four combinations which included a FS height of 1 inch. In addition, all treatment combinations which included the FS height of 1 inch resulted in lower density compared with the majority of other mowing treatments. Outside of these combinations, most other treatments were not different from each other with sward density ranging from 4.8 to 7.3 (Table 2) .
CRABGRASS COVER IN 2015. Similar to 2014, the effects of FS mowing heights and S mowing heights, and the application of a preemergent herbicide affected crabgrass coverage. Mowing continuously at 4-inch height resulted in less crabgrass cover compared with all other mowing regimens with the exception of the two combinations of the 3-and 4-inch heights at 0.1% and below. All four combinations including S mowing height at 1 inch had the highest crabgrass cover ratings at 9.1% to 18.1%; however, these treatments were not significantly different from several other mowing height combinations. Crabgrass cover across all mowing height treatments ranged from 0.0% to 18.1% in 2015.
In 2015, there were also interactions between the mowing height treatments and the herbicide application which were not evident in 2014. Overall in 2015, every treatment combination that included the preemergent herbicide application tended to have less crabgrass than the treatment combinations that did not include the preemergent herbicide. The exceptions to this were the combinations that did not have the herbicide application but did have the 4-inch height alone for the year or in a combination with the 3-inch height. These combinations were not significantly different from most of the combinations that did receive the herbicide application, and in some cases also had less crabgrass than many of those treatment combinations as well. Another exception was the treatment combination of a 3-inch FS height, a 1-inch S height, and the herbicide application which had more crabgrass than most other treatments that also received the herbicide application. When no herbicide was applied, the treatments that included the 1-inch Table 1 . Mean percent crabgrass cover ratings across all fall/spring and summer mowing height combinations in 2014 and 2015. Fall/spring mowing treatments were initiated in Nov. 2014 and Dec. 2015. These were followed for the remainder of the growing season each year, and from March to June the next year, at which point summer mowing treatments were initiated and followed through October. Percent cover means were adjusted using an arcsine transformation and then separated using a t test (P £ 0.05); however, original means are presented. Treatments with the same letter following ratings were not significantly different at P = 0.05. Table 2 . Mean tall fescue density ratings (1 = worst, 9 = best) across all fall/spring and summer mowing height combinations in 2014 and 2015. Fall/spring mowing treatments were initiated in Nov. 2014 and Dec. 2015. These were followed for the remainder of the growing season each year, and from March to June the next year, at which point summer mowing treatments were initiated and followed through October. Density means were separated using a t test (P £ 0.05). Treatments with the same letter following ratings were not significantly different at P = 0.05.
x Mean separations are not presented for 2015 due to a lack of significant effects in that year.
• February 2017 27 (1) S height, and the treatment which had the 1-inch FS and 2-inch S height, had significantly more crabgrass than the majority of all other treatment combinations, with ratings ranging from 19.2% to 32.4% (Table 3) . No effects were significant for density ratings in 2015, however, the S mowing treatments were close to being significant at P = 0.527. The lack of significant effects on density in 2015 would help to support the overall significant year difference since some of these effects were significant in 2014.
When examining data from each year, mowing heights of 3 or 4 inches continuously throughout the year reduced smooth crabgrass encroachment in tall fescue. The results of this study support the findings from past mowing height regimens conducted on various cool-season grasses without seasonal adjustments (Busey 2003; DeBels et al., 2012; Dernoeden et al., 1993; Kowalewski et al., 2010; Voigt et al., 2001) . In this study, there were no significant differences between seasonal adjustments of only the 3-and 4-inch heights, with the exception of the treatment using only the 3-inch height for the year having more crabgrass in 2015 compared with the treatment following a continuous 4-inch mowing regimen.
It was hypothesized seasonal adjustments involving high summer heights of cut and low FS mowing heights would result in the least crabgrass encroachment. This was supported with the idea that lower, tolerable mowing heights within a species could increase stand density (Turgeon, 2005) . The results of this study clearly showed seasonal mowing height adjustments had little to no effect on density in 2015 but did affect density in 2014. Overall, treatment combinations including the 1-inch height at some point during the year had the lowest density ratings which could be explained by that height of cut being unacceptable for tall fescue. Combinations including the 2-and 3-inch heights alone or combined did result in numerically higher density values than the use of 4-inch height alone across a year, however, this difference was not significant. Based on this, the use of lower heights did improve density a small amount but seasonal adjustments had no effect on density when the 1-inch height was not used.
The reduced density values when the 1-inch height was used, along with the lack of improvement to density when the 2-and 3-inch heights were used during the year may explain why these combinations had more crabgrass than combinations using only the 3-and 4-inch heights. When considering only the 3-and 4-inch heights, it is important to consider which height would be acceptable for the average homeowner. A mowing height of 4 inches throughout the entire year did have the lowest crabgrass amounts in both years but consistent use of this height may be perceived as unacceptable by many homeowners. Ray et al. (2007) reported that when just comparing a 2-vs. 3-inch height of cut across several tall fescue cultivars, the 2-inch height overall had better quality across the year. A consistent mowing height of 4 inches would most likely result in even more reduced quality over the 3-inch height, and therefore be considered undesirable for many homeowners. Since the use of the 3-inch height for part or all of the year was not significantly different from the 4-inch height alone, (apart Table 3 . Mean percent crabgrass cover ratings across all fall/spring mowing height, summer mowing height, and herbicide combinations in 2015 z . Fall/ spring mowing treatments were initiated in Nov. of 2014 and Dec. of 2015. These were followed for the remainder of the growing season each year, and from March to June the next year, at which point summer mowing treatments were initiated and followed through October. Herbicide application consisted of a low rate of prodiamine [0.34 lb/acre (0.381 kgÁha L1 ) a.i.] applied on 8 Apr. 2015. Percent cover means were adjusted using an arcsine transformation and then separated using a t test (P £ 0.05); however, original means are presented.
Fall/spring ht (inches) y from the 2015 exception of the 3-inch height alone) it can be concluded that using the 3-inch height may be just as good in reducing smooth crabgrass incidence, and more acceptable to homeowners.
The second part of this study examined if season mowing height changes could allow a reduced rate of prodiamine to sufficiently control crabgrass. In 2014, no significant herbicide interactions were detected which may in part be due to the drier conditions in that year. From the herbicide label, it is clear that water is a key component in good herbicide efficacy and while the site was irrigated, the drier conditions may have affected the herbicide in that year (Syngenta Crop Protection, 2012) . The significant interactions in 2015, however, suggest that as long as a summer height of 1 inch is not used, which would severely stress tall fescue, then the 0.34 lb/acre a.i. rate of prodiamine is sufficient to keep smooth crabgrass severity at 0.8% or below, which should be considered acceptable for most homeowners. Based on this, the mowing height of tall fescue used throughout a year does not greatly matter for crabgrass incidence when at least a low rate of prodiamine is applied and a mowing height greater than 1 inch is used. Also, in this study when a 4-inch mowing height was used alone or combined with a 3-inch height during 2015, acceptable crabgrass reduction was obtained without using any preemergent herbicide.
When examining the results of this study, there is no need to make seasonal mowing height adjustments to tall fescue or to apply a preemergent herbicide to tall fescue to reduce crabgrass incidence when heights of cut ‡ 3-inch are being followed and there is good stand density. This study also suggests that if lower mowing heights are used or desired and weed pressure is expected, then a low rate of prodiamine may sufficiently control smooth crabgrass as long as mowing heights are greater than 1 inch.
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